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I 

VLF  Ferr».tc  AnteaaAs 


SUJO-:«lY 


Tte  foiiOKing  report  .'icludes  the  results  of  the  vork  perforced 
St  ITT  Federal  Lsboratories  oj  the  design  of  VL?  ferrite  loaded  antennas  under 
Contract  Sonr  3350  up  to  rove^er  l?6i.  The  report  cmsists  of  a  general  reviev 
of  the  properties  of  slart  electrical  radiators,  of  a  general  tMoretical  anel^sts 
of  the  perforsiaace  of  ferrite  loaded  antennas,  of  the  presectaticai  and  d;>cussicn 
of  extensive  expsriaeatal  verifications  of  the  tl^ory.  and,  finally,  of  a  prelisi- 
nary  design  of  an  Ocaega  type  *atetma  system.  The  latcet  vtatli  cerate  at  iC.c  Ke.^s 
with  a  radiated  power  up  to  90  3s,  and  with  an  efficiency  of  the  order  of  IC’i. 
hTiile  this  design  is  tentative,  it  constitutes  a  sound  reference  basis  for  the 
developcer.t  of  a  final  ferrite  loaded  ntenna  system. 

Tttt  vork  discussed  ia  the  follawtng  tndicstes  that  tl«  use  of  ferrite 
loading  provides  considerable  wavelength  reduction  along  the  axis  of  the  radiator 
and  results  in  scrt^turcs  vaich  have  radiation  reststesce  larger  the:  that  c£ 
setal'Sir  antennas  asvlng  the  sane  height.  The  overall  d-eslgs  say  he  achieved 
with  .atisfactory  characteristics  of  efficiency,  reliability,  bandwidth  ano  cost. 
The  saxiccf.t  rsdist'^}  power  is  liniied  by  the  distortion  which  occurs  when  the 
segnelic  laatcriai  becomes  catersted;  however,  in  practice  satisfactory  levels  of 
output  power  nay  be  obtained  nediuc  power  applicatlccis. 
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LissAa  FEsam  ictxss)  astsssas 


1.  iSIat^^JCnOK 

TS»  4e*iga  of  craamlcciog  astespM  for  ihe  Vi?  'o  kF  freqs^try 
TJage  satisfy  is  g«%rsl  a  of  ce^ici^is  whose  relative  laportetce 

varies  froe  ooe  case  to  ^sother.  These  are: 

1.  Sadiatica  efficiency 

2.  ?»Kr  hary.ltas 
J.  sa^siwidth 

«.  Cost  of  '.rastroctiss  «k!  of  saiPtesKsce 

5.  Vuiserability  with  res3>ect  to  ei-isr  actios 

6.  Freqaeocy  toaing  ability 

7.  SadiatiOB  patters  aed  gain 

3.  Hei^  ....  etc. 

The  ideal  case, which  is  takes  as  refercsKC,  is  that  of  a  qsarter-wave  scsiopolt 
ebpv*  iafisitcly  cosdactisg  grroad.  For  ITLF  to  HF  applicatioss  shorter  as* 
tesnas  «'e  seeded:  the  httic  approach  ccssists  of  tte  use  of  tcp  lo^ed  seso- 
poles.  Os  the  other  h»d,  aoocpolcs  with  i^ixcive  Icadiog.wt^re  the  ioduccasce 
say  be  <*— ^*«*  at  a  suitable  isters^iatc  locatisa  or  distrloutcd  along  the  rasiator 
say  be  used.  Ir.  both  c^es  the  loading  results  in  ttaieg  t^  input  isfed^ce  of 
the  antcnss.  curro*'  distribution  of  the  Ic^ed  ^tes:s  depetuis  the  parti¬ 

cular  type  of  losing  awi.is  certain  cases  tet^s  to  be  aiifom. 

The  ^proach  follow^  is  tl»  present  work  is  based  sa  the  vie  of 
distribute  ferrite  loafing.  Is  this  case,  the  antetuvs  stricture  and  pt.^>agsti:» 
characteristics  are  sodirie  aias.  In  partisuiar,  t^  aural  tropagatissj  constant  is 
increase,  so  that  tl»  axial  vai^length  is  reuce  with  respect  to  tl^  value  in  air 
As  a  result,  resosaat  aoaopoles  pc^sess  a  height  lower  than  that  of  tha  ccrresrondi 
air  strtxtsrss.  If  properly  desic^^,  tl%se  antennas  provide  high  reiaticu 
efficiesty  large  relative  bs^cidth  with  respect  to  convent Kaial  uetal-air 
^tennas  of  the  sMe  height;  »  the  other  hae,  the  power  handling  Is  Itnite 
by  the  sagr^tiiaiioa  saturation  of  the  ferr.'e  naterial.  rcferre  proceeiu^  to 
ti*  ciscussitsi  of  t^  theory  of  ferrite  loade  Isr-ear  antesaas.  it  --s  ct^^eniest 
to  revi^  briefly  tl^  theory  of  setsl  air  estennas. 
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2.  THE  LINEAR  METAL-/.IR  AHTEMNA 


We  consider  flrec  the  case  of  thin  wire  antennas.  With  reference 
to  a  current  eleiaent  Idl  located  at  the  origin  of  a  sp*»»<ricsl  coordinate 

system  along  the  z  axis,  one  obtains  the  radiation  field  by  consideration  of 
the  corresponding  vector  potential: 


A 


A,k 


Idl  -  ■J&f  t 
4  n  r 


(1) 


FYoo  Maxwell's  equations  there  follo'  the  '.’ell  known  field  equations: 


H 


WLSlEi  i) 

4  ifr  r' 


E  - 

e 


Idl  Sind 

*>  - 


(je  l/r  + 


(2) 


E 


r 


-  ’1 


Idl  cosd 
U  irt 


.  ’j&r 


where  q  -  and  f  >  a>\<'  •  •  the  radiated  power  is  computed  from  Integration 
of  the  Foynting  vector  over  the  surface  of  a  sphere  of  radius  r,  having  the  current 
element  at  its  center.  The  average  power  is  contributed  only  by  the  far  field  com* 
ponents: 


H  -  j  e  - 


-j&r 


idl  sIaO 

JP  k  vt 


and  the  corresponding  time  average  Foynting  vector  is; 


Idl  Sind 


avg 


_  _  /_  xw*  •xiiv  \ 

-  1/2  R.  (E  X  H  )  -  vP  i,  ) 


13) 
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E 

e 


1 


6o  I 


m 


c 


r 


COM  (&H  cot  9)  ■  cos 
sin  d 


(10) 


where  r  le  the  redlel  distance  froa  the  antenna  tnld*point.  tor  a  half-wave 
dipole  (or  quarter-wave  tsonopole)  one  hat  pH  ■  ir/2;  the  radiation  realatance 
computed  through  Integration  cf  the  Poyntlng  vector  Is: 

“  -^^—5 -  1  Si  •  Si  '  S;  (SPH)  cciSpH 

sin  pH  «-  - 


(11) 

+  Sj  (J40H)  -  (apH)  j  sin  apH  +  (1  +  cos  apH)  (apH)  - 

1 

sin  :m  Sa  (20H)  ^ 


for  a  dipole  of  half  length  H.  In  the  above  expreesion: 

X  «  X 

•4^  «,  S.  (.)  . 

,  0  o 


s,  (*) 


slnv  dv 

V 


(12) 


In  the  particular  case  of  half-wave  dipole  and  quarter-wave  monopole  above 
perfect  ground,  equation  (71)  provides  respectively: 

-  73  oh»a,  R^^  “  36.5  ohms 

The  radiation  resistance  can  also  be  rstq>uted  by  the  Induced  emf  method.  Con- 

a  mt-t-Kmi  swnopoie  or  nexgnc  H  sDove  pertect  ground.  Start¬ 
ing  from  the  eicpresslon  of  the  s-component  of  the  electric  field  at  the  surface 
of  the  antenna,  obtained  asstaaing  a  given  current  distribution,  one  computes  Che 
power  required  to  produce  the  assumed  current  against  the  induced  voltage  as 
follows: 


b. 
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H 

P  -  ^  cos^>.iz  (13) 


where  tp  i«  the  phase  angle  between  current  and  E^.  In  the  case  of  a  sinu- 
sodlal  distribution  of  current,  one  readily  obtains  the  exprei-'Sion  of 
previously  found. 


The  reactance  of  the  ideal  "thin  wire"  dipole  antenna  elesient  is 
found  to  be  infinitely  large.  This  is  due  to  the  fact  thet  the  reactance  de¬ 
pends  strongly  upon  the  "near  field"  cooponents,  and  these  cannot  be  defined 
accurately  with  the  thin  wire  Idealieatlon.  Therefore,  in  cotoputations  of 
an.enna  reactances,  it  is  essential  that  the  actual  antenna  cross-section  be 
taken  into  account. 


In  general,  considering  a  cylindrical  antenna  wire  of  radius  a 
carrying  a  sinusoidal  current  distribution,  it  Is  found  that  the  reactance  can 
be  coaputed  fron  the  value  of  the  reactive  power  required  to  produce  the  assumed 
current  against  the  induced  voltage.  With  reference  to  a  vertical  oonopole  of 


height  H,  one  finds: 

p 

react. 


E-  ■  *  !  1  (*)  «inv 

*  !  I 


wherefrom  the  reactance  of  the  antenna  may  be  computed,  letting  Xl^/2: 


-  sin  2^H  -0.5772  +  h  ’  1,2  +  2Ci(3H)  -  Ci(baH) 

sxn^  an  ^  ^ 


-  cos  23H  I  5Si  (agH)  -  Si  (beH)  -  2S1  (apH) 


In  particular,  for  a  quarter-wave  vertical  monopole,  the  reactance 
is  found  to  be  X  -  4  21.25  ohsis;  on  the  other  hand,  for  shorter  antennas,  the 
reactance  depends  strongly  on  the  value  of  the  diameter  of  the  antenna  and  de¬ 
creases  as  the  latter  Is  increased. 


3.  INFINITELY  LOWG  RADlAIOt 

A  problem  of  particular  interest  for  the  study  of  ferrite  loaded 


5. 

CONFIDENTIAL 


CONFIDENTIAL 


anf'ennas  1*  that  of  the  radiation  properties  of  an  infinitely  long  conductor, 
carrying  a  unlfcna  current  I  Asaiaaing  that  the  conductor  is  surrounded 

by  unlfona  lossless  space,  and  that  the  conductor  ■‘i  conductivity  C7  the 
electroM^etic  field  distribution  corresponding  t.  the  principal  siode  is 
found  to  be  given  by  the  following  exprecsion; 


■  Vo  (‘i  ^ 


E  ‘  Jt-  j  '  (h,  1  . 

o  o  '  I 


(16' 


£  «  b  H 

Z  0  0 


(2) 


(hg  ) 


J(<at-0z) 


)  I  V.  <">'  (V')  : 


hg  o'o 


(17) 


k  ‘ 
3  2 


"o".'®’'  (V)  • 


2  2  2 

In  these  relations  p  is  the  axial  propagation  constant,  k^  •-Ja>  ">  ^2  “  ^ 


and  : 


1.2.  2  „2  u2.2„2 

**1  “  ^  '  **2  '  ‘‘2  ■  ® 

The  axial  current  is  coaputad  as  follows; 

I  -  2  ir  0.e/  ^  d^  -  1  a  J  (h.a)  - 

-  o  *  *  '  h,  oil- 

(1)  E.  C.  Jordan,  Electrottagnetic  Waves  and  Radiatinz  Syat»s,  Prentice  Hall,  Inc. 
1950,  P.  370. 
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wherefrotB  the  vslue  of  the  coefficient  e  is  obtained  as  a  ftuiction  of  the 

o 

given  current^  i.e. 


**1  ^o  (20) 

2iraaJj  (h^a) 

one  obtains  the  value  of  the 


It  should  be  stated  that,  if  the  conductor  is  assuMed  to  have  infinite  conduct* 
ivity,  the  field  vanishes  for  .  *  a  and  one  findc: 

hg  -  0,  0  -  Kg  -  w  ^  'g  (22) 

i.e.  the  axial  propagation  occurs  with  speed  equal  to  that  of  the  external 
oedium.  The  above  expressions  of  the  T^eld  cannot  be  applied  in  the  pre* 
sent  case,  since  (a)  ■  0  and  the  arguaent  of  the  Bessel  functions  vanishes. 

Starting  frea  Maxwell’s  equations  and  indicating  with 
the  axial  propagation  constant,  one  finds  that  the  axial  component  is 
a  solution  of  the  wave  equation: 

3%  +1  5  +  e\  -  0  (23) 

i!L_  w 

d  e 

There  follcws: 


and 


1 

Jm  u 


Simile. iy,  from  the  boundary  condition  at 

coefficient  b  at  follows: 
o 


“2 

27ra  C, 


■2K 

'^1^2^ 
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C  -  (P^) 


„;  -  j  g£  H '  ^  o. )  - 


Proa  the  bouadfury  cooditloo: 


1  •  2  «  H  («) 


th«r«  followa: 


C  •  o 


2  TT  •  J  e 


E  *  .  •*»  ‘<2  H 

•  -  l2\ -  ® 

2  IT  •  p  ^  - 


H  (p  )  . 


2n  H,  '  '  (P«) 


(e.  ) 


j(a)t-p*) 


Siflce  P^  1  on*  haa: 


(B«)  •  + 


«„(')  (6  ;  , 


;  j(a>t-6a) 


\  -  -j  (Pf  )  ;  J(“<*9*) 
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Since  iBuat  teditce  to  tcro  at  f  >  a,  it  i«  seen  that  there  ia  preaent  a 
field  co^onent 


(a)  -  - 


®  '-2^0 


(2) 


(9*) 


(31) 


which  repreaenta  the  aelf-induccd  electric  field  produced  by  the  current  I  . 

o 

One  may  now  compute  the  external  impedance  of  the  wire  per  unit  length;  letting 


I  ■'  2n’  a  (a)  one  haa 
o  0 


ext 


Jtuug  (ea) 


2i7  af  H. 


T5r 


(9*) 


(32) 


Letting  for  3a  «  1. 


(0»)  -  I - In  -iigL  9a 


(33) 


(ea) 


+  j 


T!Q» 


one  finda 


ext 


♦  j  «°  -^g 


In 


1.701  ea 


(3M 


Thua  the  radiation  rcaiatance  per  unit  length  ia  (o  and  the  correaponding 

reactance  ia  tc  In  (2/1.701  e*  ).  The  preceeding  reault  may  be  general- 

ired  with  conaideratlon  of  the  internal  iag>edance  of  the  cylindrical  condtictor 
obtained  when  tlw  cooductivicy  ia  finite  and  the  frequency  is  low.  In  this  case 
one  finda: 


Z 


int 


1 


2„ 

IT  a  T 


+  *0 


(35) 
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per  unit  length.  AC  high  frequencies,  skin  effect  phenooene  occur  end  the 
Intcmel  isq>edMce  sssuaej  the  following  expression: 


Z 


Int 


_1 _  I  /  U>  I 

2i«  I'  2  r 


+ 


_ ^ 

2re 


(36) 


k.  BAMDWIPTH  AMD  EPFICIEMCY  CHAEACMRISTICS  OP  METAL-AIR  AMTESKAS 


The  input  impedance  of  an  ttitesus  may  be  co^uied  froa  the  eqs. 
11  and  15  and  expressed  in  general  aa  follows: 


^a  •  ®a  *  ^  *a  ^37) 

where  X  way  be  positive  or  negative  depending  iq>on  the  antenna  length,  and  is 
sero  at  series  resonance.  The  relative  3  <lh  bandwidth  2  Sm  of  the  antenna  is 
coavuted  solving  for  Sto  Che  equecion: 

2R,  (%)  -  r/  (»o  +  5 »)  +  X^^  (a^  +  Ju))  (38) 

Sinilarly  the  antenna  Q  is  defined  with  the  relationship 

Q  ■  /b w  (39) 

The  general  expressions  11  and  1^  of  the  antenna  i^edsnce  are  too  cjeq>licated 
to  prc  '.de  a  si^le  egression  for  the  bandwidth.  If  the  antenna  is  electrically 
short  (3R  ^  0.5}  an  approxisace  expansion  of  the  iapedance  aay  be  used  as  follows^^^ 


6ir 


Assuaing  that  a  aeries  inductance  is  used  x.  r  tuning,  one  has  approxissately 


(2)  R.W.P.  King,  Theory  of  Linear  Antennas,  harvard  University  press,  I956. 
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(a^  *  Sa  )  ~  (o^) 

X.  +5®)  -  2  (®^) 

o 

Tb«rc  folloKft  froa  application  of  eq»  kO 

^  Sa_  \  ,  (PH)^ 

®o  6  (In  H  -  1) 


(41) 


(42) 


R«c^itulnting,  eh*  rndlatioo  rcnistaace  of  an  electrically  abort 
vertical  dipole  antenna  varies  proportionally  to  the  square  of  the  height  H  and 
the  relative  bandwidth  varies  proportionally  to  the  third  power  of  H.  Hence, 
with  the  decrease  of  H  the  radiation  resistance  and  the  relative  bandwidth  becooe 
very  aaall.  These  characteristics  represent  basic  linitations  of  short  antennss 
since  the  efficiency  depends  upon  the  ratio  *ioss 

of  the  losses  in  the  ground,  in  the  tuning  circuit,  in  the  antenns  conductors, 
in  the  antenna  insulators,  etc.  On  the  other  hand,  the  relative  bandwidth  is 
prescribed  by  operational  conditions  and  C}rpically  nay  rmge  fron  values  of 
2  X  10  ^  to  5  X  10  at  frequencies  in  the  VLF  to  HF  range. 

In  order  to  aeet  practical  design  requirements  it  is  necessary  to  keep 
the  antema  bei^t  sufficiently  high,  to  use  si^le  or  multiple  conductors  with 
suitably  large  effective  diMeter,  to  sake  recourse  to  folded  dipole  or  cage 
structures,  etc. 

It  is  of  interest  to  suMarise  the  characteristics  of  some  VLF 
antenna  designs  for  purpose  of  refermce.  Wc  shall  refer  to  the  antenna  installation; 
of  For«st-PorC  Md  of  Cutler,  Heine. 

FOREST-FORT  ANTEniA 

The  Forest-Fort  Antenna,  part  ''f  an  Air  Force  three-station  VT.F 
trausaltting  navigational  systea  known  as  Project  Oetega,  is  located  in  Forest  Fort, 
New  York. 
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The  antenna  consists  of  one  ft.  bas?  Insulated  towet  which  uses 

its  six  top  guys  to  provide  the  necessary  capacitive  cop  loading  to  aake  the 
antenna  self  resonant  at  1(X>  Kc.  By  means  of  inductive  base  tuning  the  antenna 
operates  at  10.2  Kc  with  the  following  characteristicsi 

Effective  height 
Radiation  resistance 
Maxima?  pcwer 

CUTLER  AUnSiSA 

The  Cutler  Antenna,  part  of  the  Navy  VLF  transsitting  station  located 
in  Cutler,  Maine,  consists  of  two  arrays  whose  centers  are  separated  by  ore  cile 
and  which  isay  be  operated  independently  or  in  dual.  Each  array  has  •  mean  b.eight 
of  81*3  ft.  and  a  radius  of  3070  ft.;  it  consists  of  one  center  tower  of  ft. 
and  12  saialler  towers  ranging  from  6?^  to  feet,  which  support  its  star  shaped 
top  hat. 

The  top  hat  of  each  array  1$  sade  up  of  six  indepetsdent  diaeond 
sections  which  are  insulated  free:  the  towejs  and  can  be  controlled  separately, 
that  is,  they  can  be  lowered  or  raised  for  repairs  or  for  prevention  of  dasnage 
free  heavy  i:ing.  A  u.  .ue  arrangement  of  the  RF  fted  lines  saxes  it  possible  to 
pass  60  cycle  deicing  currents  through  either  array  or  remove  ice  under  so-^erate 
Icing  conditions.  Since  the  arrays  say  be  operated  independently,  this  arrangement 
allows  one  array  to  continue  transsitting  while  the  other  is  being  deiced;  hence 
the  sts  '.on  say  operate  continuously. 

rower  is  fed  from  tne  transmitter  to  a  hei:x  house  at  the  base  of  each 
array  through  an  underground  coaxial  transmission  system.  The  'nelix  house  contains 
a  tuning  unit  for  the  array  and  provides  6  fees  po'cts  cn  its  roof  for  feeding  6 
vertical  "op-leads”  which  art  the  radiating  elements  of  the  array.  The  "op- leads  ' 
are  equally  spaced  on  a  circle  of  diameter  6Ct-  ft  providing  a  1-irge  effective  diasete 
for  i^roved  bandwidth. 

A  large  buried  radial  wire  groun-J  system  uelps  to  nrovide  a  low  loss 
ground  return  for  the  antenna  currents.  The  station  is  located  on  a  penirsula  and 


yic  ft. 
0.071  ohms 


CONFIDENTIAL 


CONFIDENTIAL 


citf  grouiMj  tyatta  is  terdnsted  in  the  ocean  by  K^ans  of  see  anchors  which 
extC'.J  about  200  ft.  into  the  ocean. 


^low  is  c  sisTiry  of  the  electrical  characteristic  of  the  antenna 
when  o{>erated  as  a  dual  array  at  its  lowest  frequency  of  coer'riun  Sc. 


Capacittace 
Resistance 
Reactance 
Effective  Height 
Efficiency 
United  Q 
Radiated  Coi»r 
5«sdwidtfa 


0. 122  uf  each  array 
0.22  ohas 
-j  36.0  otes 

*^7  feet 

70^ 

u&u 

IC^  watts 
6o  cycler 


5.  GEKERAL  PMffERTlES  OF  LXHESR  flOatlTE  LQMgP  AhTEWiAS 


The  electrical  pn^erties  of  antennas  are  dependent  upon  the 
physical  characteristics  of  the  surrcuadisg  eediua.  Hence,  if  dipole  antennas 
axe  ededded  la  a  awdina  with  dielectric  pexdttivity  f'^and  aegrtetic  penetabillty 
larger  than  the  values  of  air,  a  correspoeding  increase  of  tie  value  of  the  pre?- 
agation  coastdC  3  •  ;p  obtained  ad  therefore,  the  axial  wave* 

length  diaCributloo  ^  ••  2r/0'  bccc^s  ^Mller  thm  in  air.  If  the  aedid  extends 
to  infinity,  the  aacc  expreasioaa  described  for  the  case  of  air  apply,  except 
that  in  general  the  loaaes  and  the  aaeuraticn  cf  the  neditar  wtst  be  taken  into 
account,  free  a  prdticel  point  of  vi«>  one  sight  consider  the  effect  reaulting 
froa  esw  tdding  the  dtetma  in  a  aediis  of  finite  extent,  such  as  for  exaagile  a 
cylinder  coaxial  with  tnc  antenna. 

The  coapstati<xi  of  the  wavelength  distribution,  input  iB|>dance,  sxi 
relative  bmhridth  for  this  type  of  satcisa  represents  a  difficult  probla  in  gen¬ 
eral,  since  the  boj^ary  between  aediua  and  air  is  sot  a  surface  of  cdstant  phase 
or  of  constant  aaplltude  for  the  radiated  electroeagnetic  wave.  Free  a  ^i^ral  point 
of  view,  utilising  the  principle  of  reciprcKity,  oaa  say  stdy  tlw!  scatter  of  a 
plane  wave  incident  on  a>Kh  an  ante'sa  atruc'ure  ad  derive  correspodingly  tlM 
current  alstributioo  al<mg  tte  anteima  aa  well  as  the  input  irpedsn-s  ad  the 
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relative  b^Ddirldtb.  yanvm,  diK  to  tb«  £«cc  th«e  the  resoexat  Icagth  of  tKe 
!•  cot  keeva  la  adv»cc,  tbt  proles  be  solved  b?  ^^rexiastloc; 
la  BOst  csses,  tac  soltttios  is  obtsiMd  ia  aiBericsl  fore  sad  gives  little  ia^ 
sight  late  ri«  gcaersi  properties  of  tte  sctegis. 

g  st^liflcetics  of  the  prcblcs  Is  ^teia^  if  the  sstKOs  £s  coe* 
sidered  to  coasiet  of  a  cyliedricel  coedeetor  of  iafiaite  leegth,  r»iii>s  e, 
SBhtided  i&  e  coeslal  ferrite  cyliader  of  iafiaite  leagth  «>d  of  redios  b. 
la  this  csss,  oae  aey  coopi^e  ia  clewed  fora  tlw  vsri«:s  peraissible  aode  distri- 
botioos  aad,  la  psrticalsr,  the  wsvelcagth  eloag  the  axis  of  the  condacter  few 
each  aode.  Ihis  resoit  represeats  desiga  inf oraet lest,  sioce  it  ia 

focsi  to  be  epplic^le  with  good  epproxiaatioa  to  tte  case  of  sstnaaiof  fiaicc 
Ictgtb.  As  far  as  the  satemss  iopst  iapedaac  satd  the  relative  baadvidth  are 
ceiM:arsed  this  ^proech  does  »t  provide  coaweaicat  aamttr*.  la  the  following 
sectioa  Che  geaersl  the^wy  cf  propsgatioe  of  eltctfoeagnctlc  waves  along  iafiaite 
ferrite  iMd^  coadnetors  is  discos^;  this  Is  followed  by  s  descriptioe  of 
varioM  cxpcriacatel  resslts  sad  by  m  (»tllae  of  the  deslga  procedure  of  ferrite 
loaded  aateaaes. 


6.  MAW  raOfJffiATlOB  AliMG  AM  mratlTE  FESAltE  bCADH)  ca>KXn« 


Coasidw  as  iafiaite  streigte  coeductor  of  iafiaite  coadtxciviCy  aed 
radios  a,  surrouaded  b>  aa  tmlfma  ferrite  cylinder  of  iaccr  r^ios  a,  »d 
radios  b,  beviag  peraeability  p,«>d  permittivity  '(Fig.  1)  I^iag  a  cylie^rical 

coordiaatc  system  |-  s,  ocs  fteds  that  t!w  eleccromagsecic  field  distribctica 


may  be  expressed  la  ter^  of  nra  Herts  vector  poteaciels  esd 


both  parallel 


to  tte  t  axis  sad  s«:h  Chet  their  M^itodes  satisfy  ciw  scsler  wave  e^oetiom 


\V  ^ 

L  3t 


_o 

Bt' 


7*0 


C^S) 


Assteiag  faarmomlc  time  «>d  spate  depcnd«we  eay  let  in  general 
♦  ■  f  C  P,  ^  {jst-Ss) 


m 
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vaerc  £("'■)  it  *  »t>lt!£loo  of  £»«  equACios 

'  ^  1  2  2 
JL  ^  Cr  —  )  -  *  *  {x  -9*^)  i  -  0 

*?  •  -  — 

{*5) 

la  cbe  hy  £be  coefficieai  K  is  ei^ressed  ia  terss  of  £b«  chsr^teristics  of 
the  aediss,  i.e. 


sj  — 


ik6) 


Che  cocfficleat  3  is  the  axisl  pr^sgsfisa  c^scaat,  I.e. 

3 


{^7) 


where  ^  is  the  wvreleasth  sl<»:s  the  x  mxiM.  The  geoersl  esqpressicst  of  tl» 
eleccrcwiesnette  field  is  derive  frcs  the  vector  p^^eatiels  r^  ead  v^  osisg 
tta  followiag  reletioss 


E  -  V  X  V  *  Tj  +  is  It  V  *  «U 


m 


(r-* 


3s- 


V  X 


y  X 


It  is  SMS  that  the  fici'^  derived  fros  r,  has  so  axial  Mgaetic  field  cae|;^^t, 
i^le  tl»  fieU  derived  free  has  axial  electric  field  ccoroMst;  for  this 

reaase,  the  tes  field  eoef igsratises  are  call^  respectively  traasverse  Musette 
asd  £r«:sMrae  elMtric. 

Clesly  the  prt^lM  of  latcrest  ia  :t»  preseat  isvesti^titas  fails 
ia  tW  class  of  traes<i«rse  MgMtic  -aodes.  lie  caa  proceed  Mccrdiagly  scglectisg 
Sg  soletag  eq.  *5  separately  ia  regies.  I,  I.e.  a  d  ;  -J  b  @d  ia  regioe  2, 

i.e,  b  d  r  *.  _ 
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Region  2 


«2^ 


C  H (h_  )  - 

2  ‘  ^ 


(h^.  ) 


a»i‘g  •  P® 


(53) 


In  order  to  find  the  eigen  values  of  the  problem  and  the  values  of  the  coefficients 
and  we  make  recourse  to  the  following  boundary  conditions 


"U 


ht  “  hz> 


”lt>  *  **2- 


(5^*) 


Prom  the  first  condition  we  obtain 


i.e. 


AjJo  (h^a)  +  Bi  \  (h^a)  -  0 


Jq 

No 


(55) 


(56) 
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Subatltucing  In  eqn.  (52)  wc  obtain: 

•'i*  ’  ^  [  *^0  (‘‘iS  '>  "o  *  ''o 


E,c  - 


•JPA 


■l_  ~  Jj  (h^^-)  (h^a)  -  J^(h^«)  Nj  (h^,) 


(57) 


2  — 
H,^  -  r  J,  (h^  O  (V)  ■  Jo  (“l*)  "l 


',9 


u> 


Turning  now  to  the  boundery  condition  at  ^  •  b  we  write: 

^  Jo  (*‘1*’^  “o  (V)  '  Jo  (“l*)  »'o  (V) 

(58) 

2  2 

■  Ji  (V)  (h^e)  -  (h^e)  (h^b)  -  *^2  H^(J^(hgb) 

coiig^’s 

<0 


in  order  to  eolve  the  above  eyetem  of  c<iuation8  we  introd-jce  the  following 
subetitutions: 


hjt  "  u,  hgb  «  V 

h^e  -  ue,  hg«  -  v  * 

where  s  ■  a/b.  Hence  eqe.  (58)  oey  be  written  as  follows: 


(59) 
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i 


1  AAJLi 


p  In 


h 

IL 


In 


1.12 

q 


The  above  system  of  equations  provides  the  solution  of  the  p"oblem  of  the  design 
of  a  resonant  ferrite  antenna.  Given  the  values  of  and  .■  for  the  ferrite  mater¬ 
ial  and  of  the  radii  a  rrjd  b,  the  ratio  Is  computed.  Alternatively,  given 

t  ix  and  ^jAjj  °ne  can  find  the  required  values  of  a  and  b  for  which  the 
desired  wavelength  reduction  is  obtained. 

The  information  contained  in  equations  (7C)  may  be  presented  in 
graphical  foriB  In  a  number  of  ways.  From  the  first  of  eqs.  (70)  it  is  seen  that 
a  family  of  circles  for  constant  i*  described  with  the  equation 

p^  +  q^  -  (  -  u  -  1)  (2^b/\y  (71) 

On  the  other  hand  the  equation 

P^  In  (b/a)  -  ,q^  In  (1.12/q)  (72) 

describes  a  family  of  curves,  each  characterized  by  a  given  ratio  b/a.  The 
fasdlies  corresponding  -  eqs.  (71)  and  (72)  are  plotted  in  fig.  2  for  s  given 
type  of  ferrite  having  relative  average  permeability  ■  •  100  and  relative  average 
permittivity  f  -  10.  Using  the  latter  diagmi  it  is  possible  to  find  the  values 
of  the  quantities  p  and  q  which  correspond  to  a  given  zzi  values  X^/h  and  b/a. 
Substituting  in  the  equation 


X 


z 


X 


o 


(73) 


the  desired  ratio  X  /X  is  cocqiueed.  It  is  of  interest  to  note  that  in  certain 
z'  o 

ranges  of  the  variables  X^/b  and  b/a  two  solutions  are  obtained;  for  instance 
letting  X^/b  »  100  and  b/a  »  5  one  finds; 
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p  -  1.2,  -  0.7,  \/\  ”  0.0625 

P  -  1.09,  <l  -  0.87  ,  X^/X^  -  0.0509 


The  m«xtMWi  pcniitaible  v«lue  of  q  i*  1. 12;  thi*  correspoDda  to  X ■  177 
and  to  p  •  0.  In  tbia  caaa  OM  flnda  X^/X^  >  ragardlaaa  of  tha  ratio 

b/a.  Aaaociatad  vith  tba  aaaw  ratio  X^/b  thare  ia  found  alao  aaothar  aolution 
for  aaeh  valua  of  b/a. 

In  axpariswntal  verifl-  'tioBa  tba  degeneracy  above  illuatracad  ia  not 
found  and  only  the  aolutlona  corrcaponding  co  the  aaaller  of  the  q  valuaa  ia 
obtained.  The  reault  nay  be  attributed  to  the  occurrence  of  additional  boundary 
conditiona  not  Included  in  the  above  analyaia. 

A  worm  coapact  repreaentation  of  the  dcaign  cruationa  (70)  ia  obtained 
eliadnating  the  quantity  p;  in  fact,  aolving  the  firat  equation  in  teraM  of  p  one 
haa: 


2 

P 


(i  IC  -1) 


2 

9 


(75) 


Subatituting  in  the  rcawlning  equationa,  tfaeae  acquire  the  following  for* 


(76) 


( 


u.  -  i  ) 


(In  1.12  -  In  q  )/  In  ^ 


Froai  the  latter  ei^reaaiooa  it  ia  noted  that^  for  a  given  value  of  the  ratio 
X ^b,  the  ratio  becoaea  Mailer,  the  larger  la  the  value  of  the  parMeter  q. 

The  paraaater  q  ia  obtained  aa  a  aolutiem  of  the  aecmd  equatiew  of  (76).  Although 
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the  latter  equation  ia  of  trantcesdental  form,  and,  for  this  reason,  cannot  be 
analyzed  directly,  soiae  considerations  of  a  qualitative  nature  isay  be  derived. 
Assuae,  for  exaaple,  that  q  is  very  ssall  with  respect  to  unity.  In  this  case, 
the  said  equation  reduces  approxtaately  to  the  following  fora 

is  pi  -1)  (2irbA  y  In  q/  In  |  (77) 

2 

The  to  cion  q  Inq  is  zero  at  q  -  0  and  increases  skonot^aiically  with  the  increase 
of  q:  hence,  q  increases  with  In  —  |  (  1  -1)  and  b/x.^.  Quantitative  values  arc 

obtained  plotting  the  variable  aa  •  function  of  X for  given  values  of  the 

ratio  b/a  and  for  a  given  type  of  ferrite  material.  An  example  is  shown  in  fig.  3 
cosq>uted  for  a  ferrite  material  of  ''haracteriaeics  -■  10,  •  100  and  for  b/a 

valuea  of  I.5,  3,  3.8,  10,  25  and  100. 

A  question  of  obvious  interest  is  that  o£  the  optimization  of  the 
ferrite  characteristics.  From  the  second  of  equations  (76)  it  is  seen  that, 
since  q  must  be  less  than  1.12,  the  quantity  It  tmist  be  less  than  a  certain 
limit  value,  depending  upon  the  ratio  b/X^.  physically,  this  result  is  interpreted 
as  a  necessary  condition  for  the  existence  of  the  principal  mode  n  •  0  of  trans* 
verse  magnetic  type  of  eqs.  (1*9)  and  (50).  When  the  latter  condition  is  not 
satisfied,  the  electromagnetic  field  distribution  must  correspond  to  a  different 
mode  distribution. 

The  above  analysis  has  permitted  the  derivation  of  the  axial  wave* 
length  shortening  obtained  with  a  suitable  ferrite  lo«iing  of  the  conductor. 

These  results  are  directly  applicable  to  resonant  type  antennas  which  have  a 
length  equal  to  X^/h  or  to  a  multiple  of  X^/b.  it  would  be  of  interest  to 
complete  the  Investigation,  developing  methods  of  coaq>utation  of  the  input  im» 
pedance  atxl  of  the  relative  bawlwidth  of  the  ferrite  loaded  antennas.  These, 
however,  cannot  be  obtained  following  the  previous  reasoning,  since  they  require 
consideration  of  the  finite  length  of  the  antenna  and  of  the  existence  of  modes 
more  complex  than  those  correspomling  to  the  Infinite  conductor. 

In  the  case  of  very  short  ferrite  loaded  antennas  an  approxistate 
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analysis  of  the  input  resistance  say  be  developed  astuaing  that  the  aaae  equation 
valid  for  netal-air  dipoles  applies,  except  that  the  is  replaced 

with  the  value  H,  where  ia  the  axial  pr-ipagation  constant  of  the  infinite 
ferrite  loaded  conductor.  With  this  reasoning  one  obtains  the  following  ex¬ 
pression  for  the  radiation  resistance  of  a  ferrite  loaded  dipole  of  height  H.* 


the  radiation  resistance  is  larger  than  that  of  a  setal-alr  dipole  having  the 
height  H.  This  result  is  reasonably  well  verified  by  e]q)erlaental  data, 
as  will  be  sbMn  in  the  follcxilng  section.  On  the  other  haiwi  a  slailar  reasoning 
canttot  be  developed  for  the  coaputation  of  the  reactnce  and  of  the  relative 
bamlwidth,  because  of  the  critical  l^>ortaace  that  the  ferrl-e  sMterial  represents 
with  respect  to  the  reactance  of  the  Kitenna  input  iapedance. 

In  conclusion,  it  has  been  shown  that  the  wavelength  reduction  of  a 
ferrite  loaded  dipole  antenna  may  be  coaputed  with  good  accuracy  froa  the  values  of 
the  radii  a  and  b,  and  ircr  those  of  the  peralttivity  -  and  of  the  peraeability  -• 
of  ti»  ferrite  sacerial.  An  approximate  expression  can  also  be  derived  f-r  tttt 
radiation  resistance  of  very  short  antennas.  Frcn  these  results  it  is  noted  that 
ferrite  loading  gives  a  reduction  of  the  axial  wavelength  to  values  as  low  as 
\l  -JJTe  and  an  increase  of  the  radiation  resistance  of  short  antennas  with  respect 
to  chat  of  aetal-alr  son  jpoles  of  the  sue  height  as  large  as  <■-'  ;  however, 

Che  maxlaua  permissible  values  of  ■<  and  c  for  which  the  desired  transverse  laag- 
netic  mode  may  be  sustained  are  limited;  in  the  experience  gained  during  the  perform¬ 
ance  of  this  work  it  has  been  found  that,  using  a  ferrite  with  '  »  10  *ai  'i  -  2000 
the  above  radiative  mode  could  not  be  sustained  at  HF  frequencies.  Another  consider¬ 
ation  of  l^iorcance  Is  that  of  Ci«  ferrite  losses;  generally,  the  latter  increase 
with  the  increase  of  the  permeability,  and,  for  this  reason,  they  limit  ch»  mlvantage 
of  the  wavelength  reduction  obtained  by  ferrite  loading. 
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7.  EXPERItCtTAL  VERIHCATIOII  Of  THE  THECRY  OF  FEkSlTE  -  LQftMP  Ah-KSSAS 

Experimental  veriflcetiona  of  the  tt^ory  of  ferrite  lomied  entennaa 
have  been  conducted  on  HF  models,  which  have  been  resonated  at  frequencies  in  the 
range  fross  1  to  30  ac/s.  An  antenna  testing  ground  has  bee.-  utilized  which  consists 
of  buried  radial  wires  73  alters  long  unlforsty  spaced  sc  an  angular  separation  of 
3  degrees.  This  plane  is  considered  good  for  tests  down  to  about  I  ec/s. 

Measurements  of  the  input  impedance  and  of  the  radiation  efficiency 
have  been  made  by  using  respectively  an  impedance  bridge  type  G.R.  916a  and  an 
Empire  Field  Intensity  Meter  Type  MF  103o  the  field  intensity  was  sieasured  at  a 
distance  of  800  feet,  well  within  the  far  field  range  for  all  cases.  The  measure' 
meats  of  the  efficiency  were  made  a  th  reference  to  a  sc«idard  aatetma  consisting 
of  a  vertical  mooopole  of  height  X sustained  by  meuts  of  a  helium  filled  balloon. 
In  this  manner,  errors  due  to  tstccrcainty  of  the  values  of  the  loss  reslstsa^es  were 
eliminated. 

Msny  measurements  have  been  conducted  wi^h  resonant  ferrite  loaded 

antennas;  in  this  case  it  has  been  found  that  the  radiation  efflciciKy  may  be  in' 

creased  if  folded  type  structures  are  used.  Tt%  properties  of  these  strMtures  arc 

well  known;  in  particular  if  two  monc^olcs  of  resonant  height  H  arc  arranged  in  the 

coofiguratiem  shown  in  fig.  h,  the  input  impedance  of  the  structure  is  approximately 

four  times  chat  of  a  single  mooopole,  and  Che  bandwidth  corresponds  to  Chat  of  a 

single  mmopole  of  efiec^ive  radius  (/'  ad,  where  d  is  the  separation  of  the  wires 

and  a  is  tte  radius  of  cme  of  the  ccnductors.  In  the  case  of  a  cage  type  strtx:ture, 

(fig.  3)  similarly  a  radiative  mode  of  operation  exists,  for  which  the  input  taped' 

2 

ance  is  n  times  that  of  a  single  monopole  having  the  same  height,  if  n  is  tte  nu*' 
ber  of  eri>eTs  of  the  c«se  structure. 

The  oqw  rleencs  of  resmance,  radiaciem  efficiency,  bandwidth,  etc.  cm 
ferrite  loaded  antennas  have  been  cot^ucted  using  various  types  of  ferrite  eiaterial; 
in  Table  1  the  electrical  characteristics  «ul  the  cimensimis  of  tim  selected  types 
are  shown. 

Measureamnts  cade  m  resmianC  single  smnopoles  above  perfect  grois^  are 
susmmrixed  in  Table  2  in  fig.  6.  It  is  noted  chat  in  the  case  of  type  A  ferrite 
lomiing  the  ratio  H/X^  is  0.05  *t  25.9  *:/«  and  0.07?  at  I.89  mc/s;  tl»  relative 
bandwidth  is  of  the  order  of  3^  tlw  input  ia|>edKce  is  of  the  order  of  12  ohss 
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«ad  the  redletioa  reeietttcc  it  of  the  order  of  5  oiau.  Losses  ere  product  with¬ 
in  the  grota>d  plane  Ad  within  the  ferrite  aaterisl. 

The  above  c2peri«Kital  results  mty  be  evtlstr-^-  In  reference  to  the 
theoretical  values  obtained  with  the  theory  developed  in  the  previous  ScctlA. 

For  the  case  of  ferrite  of  type  A  the  values  of  the  ratio  hevc  been  cooputed 

in  mble  3  plotted  in  fig.  /  for  the  various  cases,  ttom  tt»  graphs  of  fig.  3 
the  themretical  results,  corresponding  to  b/a  •  1.67^have  bCA  derivA  and  entered 
in  the  graph  of  fig.  7  :  it  is  ssen  that  the  check  between  cxperinental  Ad  theoret¬ 
ical  values  is  satlsfAtory. 

The  variatlA  of  hA^  ^  of  the  ruooAt  height  u  a  ftatctiA  of  the 

frequency  are  sIm  plotted  in  fig.  6  for  the  ssa  type  A  of  ferrite.  These  results 

indicate  that  the  theory  of  the  pre^agation  of  tranaverM  nagnetic  Ates  of  aero 

order  in  ferrite  loaded  AtenaA  is  All  verified  and  that  resonAt  ratio  hA  or 

o 

the  order  of  0.05  Co  0.07  are  lAtalaad  with  ferrite  structures  of  snail  diAasiens. 

The  l^ut  rMistAcc  of  resonant  ferrite  loaded  Atermas  is  lua  thA 
that  of  resonAt  Atal-air  AtsAss;  for  nsnple,  a  radiatiA  resistance  of  the 
order  of  5  wa  obtained  with  nooopoles  of  8  or  l6  fAt  bci|^,  and  with  valAS 
of  a  and  b  rApactivcly  a  ■  0.^  en  Ad  h  >  1.^  cn.  Sines  there  arc  iAVitahle 
losaA  dM  to  the  ferrite  charAteriatiA,  the  groAd  rAiativity,  etc.  it  ia 
InportAt  that  snaA  oi  up-trAaforning  the  ii^ut  iapedAce  be  utilized.  One 
such  possibility  ia  obtained  by  rAOuTA  to  folding  tecAiqucs. 

In  the  esA  of  ferrite  loedA  structures  two  diffcTAt  types  of  folding 
wy  he  used.  (fig.  9)  In  one  csa  the  Atel  ccadAtors  nay  be  folded  within  the 
ferrite  -unrelopc,  and  in  the  eccond  csa  CAh  ferrite  load«]  aoApole  aispwrttcly  ca 
be  fold^,  i.c.  folding  external  to  the  ferrite  is  used.  If  the  c^^uctAS  mzo 
folded  lAidc  the  ferrite,  the  diAAiOA  of  the  luter  cma^  be  Ade  tA  lAge  Ad 
the  thiefcASS  of  the  ferrite  is  At  utilizA  in  full;  to  eiqircA  this  rAult  in  otter 
words  coAlder  a  farrite  cylinder  of  givA  rAio  b/a.  The  axial  coadAtA  nay  ca- 
aiat  of  a  single  wire  of  radiA  n  a  of  a  folded  structwe  of  equivelAt  rAios  a. 

In  eitbA  CSA  the  ferrite  eff At  oo  wSAlAgth  shAtAing  is  of  the  sac  AdA  of 
A9U.tude.  The  axIms  tAal  currAt  which  ca  be  csrriA  t'«.  comlAtAS  is  linit» 
by  the  sntAAiA  of  the  ferrite  AtAial  Ad  Is,  ecy,  I  ..  If  n  ccadAtors  Ac 
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u»ed  la  foldlag  oat  h«  1^^  •  nl,  wi^re  I  is  tte  currsot  in  ttoh  =«K^5sctor.  Ifce 
input  rcsistsacn  is  R*  •  a%  vitcrc  R  is  cfae  rssisc«2cc  c?  -  siasl*  ac^^polt  sad 
cotTes|K>ods  to  a  •  1.  Tat  vsltje  of  R  aay  be  consider^  spp.'axi^tely  coast«:t  for 
a  gives  ferrite  gtasstry  «Mi  for  a  rest»ett  entesna  height,  l^re  foilcwa  that, 

bj  folding  s  tiaes,  tte  input  iapedat^e  is  Increased  n^  tiaes  and  the  ispst  pewer 

£  2 

is  P.  •  R'  1  •  R  I  .  Since  the  increased  value  of  resistance  f^ilitates 

Ifi 

the  realixatloo  of  input  astching,  tht  recourse  to  folding  is  adrantageffiis.  there 
is  a  lisit  to  tl*  atilixatica  of  interna:  folding;  ^ar  exanple,  the  nech^ical  re- 
slstMce  of  the  cmdoctor  is  decte.sed  Md  the  ccnstruction  bexones  sore  caeplicatct 
retiring  the  use  of  suitable  isolators,  etc.  Far  this  reason  is  ge:«ral  it  is 
necessarp  to  naVe  recourse  to  external  foleiag.  this  leads  to  strcctures  with 
large  effective  radios  and  good  aechsaical  reslste^e;  ixnfever,  the  coz^ling 
between  adjacent  aoeopole*  tiaadt  to  decrease  the  rescltia:;  wavelength  red;^tioe 
ratio  X  /X  with  rcapMt  to  the  value  Stained  with  a  single  ae^u^le.  In  order 
to  lllustrMe  this  Iwportant  result  several  experiaeatal  data  have  been  tahen. 

In  Table  h  the  data  obtainad  with  a  resos«it  folded  tvoncpole  of  heigis  16  feet 
load^  with  type  A  ferrite  msS  consisting  of  t»K>  coodrxtors  of  dlaeeter  0.25', 
and  axial  separation  0.50*  arc  sluwn.  The  resons2t  freque^  i«  ti«  sane  whirh 
applies  for  a  single  c^.-u^le,  i.e.  «.29  vc/s,  the  ir^ut  isscdoce  is  of  the  order 
of  50  ohns  tl«  radiation  efficier^y  is  of  the  order  of  55^  Sy  cooparing  these 
data  with  the  values  s^ra  in  Table  2,  the  a^wmstas^  folding  o|«rarl<s  be- 

coees  evldeit. 

In  T^lc  a  also  exanples  of  external  folding  arr  slxws.  The  sane 
no^^les  of  hei^S  l6  f^t,  loaded  with  type  A  ferrite  iwrc  used.  T^  axial 
s^axatioe  was  0.5  feet,  tte  resonant  freq-.^acy  was  at/s,  the  i^:t  ir^^^KC 
was  of  the  order  of  50  ttea  tl»  efficie^y  was  of  the  order  of  65^ 

iniltiple  folding  is  ill^trat^  in  the  dits  of  Table  5.  In  this  case, 
a  nuaher  of  id«tical  ferrite  etennaa  was  fois^  in  a  stral^t  lit^.  Strict! 
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spezkisg  this  structure  is  sot  ayiaetricel  csd,  far  this  ressss,  it  does  act  support 

s  ccepleteiy  r«!iative  electrcs&a^ietic  sode;  ss  *  result,  vith  the  ii^rease  of  a, 

t^  rsdistisa  exficiesejr  re^bes  •  essisiuo  s^  tbea  reads  to  i'cresse,  strscturs 

aleseats  utilized  ia  the  ez|>eriaeats  surprized  la  Table  5  were  sll  four  feet  hi;^. 

msd  were  placed  at  ^  axial  seraratice  of  6\  Tsm  b/a  ratio  was  5.35  a:^  the  wave* 

leagtb  reducti^  was  of  ti»  order  of  0.1^;  this  low  value  of  the  ratio  X  /i  was 

z  o 

obtained  at  the  ei^ease  of  tl%  r^iatioa  efficiescv  which  also  was  red;spd;  for  a 
Slagle  zcss^ole  tb*  efficieacr  was  a. 94  arid  tor  a  fosar-tiaes  folded  str-octure  it 
wa«  I’  4.  Ihe  data  of  Table  5  are  pZotted  tr.  iig.  10. 

If  the  saae  str^tural  eleaer.ts  are  coru^ted  in  parallel  rather 
than  in  fold^  ^de  the  ii^ut  isp^s^e  of  the  cawhisatiz:  is  fotssi  to  decrease 
with  the  increase  of  n;  correspcndiagly,  tt«  rt^lation  efficiency  increases,  this 
result  is  illustrated  in  Table  6  a:^  fig.  1 1  which  s-rsurlzes  the  experiaeats  con- 
dsKt^  a  nts^er  of  5  feet  bi^  a^epoles.  lo^ed  with  type  A  ferrite.  Tl^ 
apiw:i£g  was  aade  again  6  *  arsi  the  s»ber  of  elsaests  was  varied  free  os  to  four 
All  coafigurations  were  aad*  reaoosit  at  T-Jt  ac/s  in  order  to  elialnate  effects 
due  to  differ^t  fre^aetxics  of  (^ration.  The  variacioa  of  the  i^$ut  i^sd^sce 
with  the  nvTrber  a  is  due  to  the  existetxrc  of  a  ct^siderable  loss  coi^onest.  l&ile 
tls  rjidiatioo  resistance  reaains  uoebd^d  when  s  is  varied,  the  loss  resistance 
is  decreased. 

An  illustration  of  the  ^eraxioc.  :s  a  folded  node  is  sfxjws  is  Table  ~ 
mss  fig.  1?.  Again  S  feet  bi^  txsc^les  with  t^foe  A  ferrite  lo^isg  were  used; 
axial  snaciag  was  6'  freq^s^y  of  ^>er«;^  was  7.3»  s*.  i^jcdarste 

was  fo:ss  to  vary  with  ted  the  bar^rldtb  a^  r^iatic^  efficiency  were  fess^  to 
it^rease  with  n. 

£^iq>itulatlng,  tis  previous  data  have  shown  thst  te  i^roveent  of  tis 
relation  efficie^y  say  be  by  parallel  0:  by  folded  texie  com^tios  of  the 

aatcaaes.  Sitsc  is  eit^r  case  Itms  resist^^e  of  tls  ferrite  material  are  de¬ 

crease.  ^  tis  otlwr  hae  t^eratioe  ia  t^  folde  :^e  tnereases  she  it^t  re- 
slstac^e,  t^a  sit^lifying  the  pr^ie»  of  satchiag  for  oast  pract  -cal  cases. 

In  the  fcevi^s  data  it  ha*  './tx. .  pointe  out  that  deration  ot  parcliel 
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monopole  structures  provides  an  interaction  whici.  worsens  the  effective  wave¬ 
length  reduction  ratio,  in  order  to  Investiy^ate  specifically  this  proolem  a 

series  of  measurements  was  made.  In  'fable  6  and  fig.  13  cne  results  obtained 

using  k  foot  high  monopoles  with  ferrite  A  loading  are  shown.  Two  oonopoles  at 

distances  varying  between  6  feet  and  1  foot  were  used;  in  each  case  the  feeding 

was  obtained  by  means  of  cables  of  fixed  length,  and  with  suitable  base  impedance 

match.  It  is  seen  that  the  wavelength  ratio  >  /\  varies  from  0. at  6  feet 

2  0 

to  0.243  at  one  foot.  Expressing  this  result  In  relative  terms,  the  ratio  X  /X 

e'  o 

is  0.225  at  a  relative  axial  distanr.  of  o.uijl.'. 

Another  study  of  the  proximity  effect  was  made  using  three  monopoles, 
rather  than  two  and  placing  these  either  on  a  straight  line  or  at  the  corners  of  sn 
equilateral  triangle.  Again  monopoles  4  feet  high  and  with  type  A  ferrite  loading 
were  used.  The  results  are  susimarized  in  Table  9  and  in  fig.  14.  The  ratio 
X  ^/X  ^  varied  from  0.228  at  d,/X  ^  -  0.0425  to  C.275  at  d/  ;  ^  -  0.004.  In  the 
case  of  triangular  arrangement  the  proximity  effect  was  larger,  for  example  at 
an  axial  separation  d/X  ^  »  O.OI6  the  ratio  /  ^/X  ^  was  0.246  for  straight  line 
arrangement  ana  was  0.254  for  the  t  <angulai  arrangement. 

In  practical  applications  of  ferrite  loading  to  VLF  antennas  very 
short  electrical  stru. >  ires  must  be  used.  In  order  to  investigate  the  properties 
of  electrically  short  antennas  a  number  of  experiments  were  conducted  using  short 
ierrite  loaded  monopoles  which  were  resonated  by  means  of  top  capacitive  loading 
or  by  series  inductive  loading. 

At  an  example,  using  6"  high  monopoles  with  and  without  ferrite  loading 
the  following  results  were  obtained.  A  straight  arrangement  of  four  monopoles  with 
top  capacitive  load  was  resonated  at  27  me;  th'i  natural  resonant  requency  for  6' 
high  monopoles  in  air  is  500  roc/s.  The  top  hat  consisted  of  ten  five  feet  long  rad- 
ials  and  the  elect'/ical  height  was  H/x^  «  0.01-*.  Adding  ferrite  loading  of  type  A  , 
the  resonant  frequency  was  lowered  to  10.4  mc/s  with  a  resultant  electrical  length 
H/X  ^  »  0.0054;  the  radiation  efficiency  was  found  to  be  '[jl,. 

Further  reduction  of  the  resonant  frequency  was  obtained  by  recourse 
to  Inductive  loading. 
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Another  example  of  very  short  antenna  was  obtained  using  two  f  oot 
monopoles  in  folded  structure  with  n  «>  3'  Without  ferrite  leading  and  top  load¬ 
ing  the  self  resonant  frequency  is  125  oic/s;  vith  type  A  ferrite  loading  ard  with 
top  hat  consisting  cT  ten  radials  of  length  five  feet,  the  resonant  frequency  was 
reduced  to  6. l6  mc/s  and  the  ratio  H/X^  was  reduced  to  0.012.  The  efficiency 

of  this  antenna  was  found  to  be  of  the  order  of  21^  and  the  input  impedance  of  the 
order  of  28  ohms.  Adding  type  A  and  type  B  ferrite  loading  the  resonant  frequency 
was  further  reduced  to  5.05  mc/s  and  the  electrical  length  was  reduced  to  0.010. 
Hewever,  tha  efficiency  was  also  i: -reased. 

If  top  capacitive  load  and  ferrite  load  are  combined  it  is  possible 
to  obtain  structures  which  have  an  inductive  input  impedance,  thus  requiring  an 
input  capacitance  for  tuning. 

Another  Interesting  observation  is  that  top  capacitive  loading  may 
be  realized  by  means  of  direct  capacitive  connection  to  ground;  in  this  case, 
a  wire  parallel  to  the  radiator  is  used,  which  as  an  electrical  moment  opposite 
to  that  of  the  main  dipole;  however,  since  the  electrical  length  of  the  ground 
return  is  much  smaller  than  that  of  the  main  dopole,  a  net  radiation  is  obtained. 

One  of  Che  limitations  of  ferrite  loading  is  the  saturation  effect 
of  Che  magnetic  permealii  I  icy;  because  of  this  characteristic  cb^  maximum  current 
and  therefore  the  maximum  power  handling  ability  of  the  ferrite  antenna  is  limited. 
Experimental  verifications  have  been  conducted  to  check  quantitatively  the  import¬ 
ance  of  this  characteristic. 

If  is  the  value  of  magnetic  field  for  which  the  ferrite  material 
becomes  saturated,  the  c  ir responding  maximum  antenna  current  is; 


2j7aK 


sat 


(79) 


where  a  is  the  inner  radius  of  the  ferrite  cylinder.  The  harmonic  distortion  which 
is  produced  when  the  antenna  current  reaches  the  above  value  is  also  present  in 
the  radl^.ed  i..eld,  since  the  latter  is  proportional  to  the  antenn?  current.  Becsu 
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of  this  phenomenon  the  maximuni  radiated  power  of  a  ferrite  /  ntenna  Is  limited; 
however,  It  will  be  shown  that  these  difficulties  may  be  ove:  come  at  least  In  part 
by  recourse  to  various  design  arrangements.  One  of  these  arrangements  consists 
of  the  use  of  negative  feedback;  an  error  signal  proportional  to  the  distortion 
term  may  be  obtained  from  the  output  and  after  suitable  amplification  and  phase 
correction  returml  to  the  input  feed  point  of  the  antenna.  In  certain  cases  it  Is 
possible  to  find  a  voltage  waveform  which  produces  a  sinusoidal  current  waveform; 
since  the  radiated  field  is  proportional  to  the  antenna  current  rather  chan  to  the 
antenna  voltage,  the  desired  elimination  of  tUe  distortion  Is  achieved.  Finally, 
r'.c  antcnne.  power  may  be  Increased  '>y  recourse  to  multiple  antenna  structures  in 
which  each  element  is  fed  with  a  current  less  chan  that  of  saturacicn.  Tests  were 
conducted  in  order  to  determine  experimentally  the  amount  of  the  distortion  com¬ 
ponents  produced  with  large  values  of  antenna  currents.  In  addition,  methods 
of  compensation  consisting  of  feeding  the  antenna  with  voltages  at  the  harmonic 
frequencies  were  successfully  devised. 

A  series  of  tests  were  performed  using  ferrite  type  C,  in  which  the 
inner  and  outer  radii  are  respectively: 

a  ■  0.218  cm,  b  •>  1,27  cm 


The  theoretical  maximum  values  of  magnetic  field  and  of  current  are 


H 


sat 


1580  A/m,  1  -  21.8  A 

'  max 


A  two  foot  conductor  of  radius  C.21  cm  loaded  uniformly  with  type  C  ferrite  was 
used  in  the  experiments.  Passing  currents  of  frequency  6C0  c/s  and  of  intensities 
varying  from  b  a  to  12. 5A  the  corresponding  distortion  components  were  measured. 
These  results  are  summarized  in  Table  10  and  in  fig.  13.  It  is  seen  that  at  12.  f<A 
the  third  harmonic  component  was  12,5  db  down  (6jt)  and  the  fifth  harmonic  component 
was  17.5  db  down,  (1.85^  Xhe  even  harmonic  components  were  negligible. 

Compensation  of  third  or  fifth  haribonic  distortion  was  achieved 
by  simultaneously  feeding  a  voltage  at  l80v  or  5COO  cps.  with  proper  amplitude 
and  phase.  The  results  are  shown  in  Table  11  and  fig.  I6.  It  is  seen  that  the 
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respective  harmonic  components  were  both  decreased  by  more  than  30  db. 

In  conclusion,  in  order  to  maintain  the  distc’-'.-ion  in  ferrite  antennas 
below  a  prescribed  limit,  the  antenna  rurrcn*’  must  not  exceed  a  critical  value. 

Further  work  was  performed  in  studying  the  combination  of  inductive 
loading  and  ferrite  loading.  A  helical  structure  consisting  of  a  I6"  high  mono- 
pole  with  19  turns  of  diaieeter  1,23"  was  constructed.  The  unit  was  loaded  with 
type  B  ferrite  and  further  provided  with  top  capacitive  loading  consisting  of  ten 
five  feet  long  radlals. 

The  antenna  was  shown  to  resonate  at  7.3  mc/s  with  an  input  impedano: 
of  the  order  of  1.5  ohms;  its  electrical  length  was  H/X^  •  C.0105  and  its  radlat  .on 
efficiency  was  21fk. 

Folding  the  above  antenna  inside  the  ferrite  was  accooipllshed  using 
a  second  helix  coaxial  with  the  first  one.  In  this  case  the  resonant  frequency 
was  found  to  be  8.1  mc/s  and  Che  electrical  length  0.011;  Che  input  impedance  was 
of  the  order  of  12  ohms  and  the  radiation  efficiency  of  the  order  of  23'j^. 

Finally,  tuning  of  the  ferrite  loaded  antenna  by  means  of  short- 
circuits  across  the  ferrite  Mterial  was  tested  successfully.  For  this  purpose, 
the  inner  conductor  was  prorvided  with  metal  taps  which  were  brought  outside  the 
ferrite  sleeve.  Shorccircuiting  these  taps  removed  the  effect  of  the  ferrite  mat¬ 
erial  and  provided  an  increase  of  the  resonant  frequency.  The  results  of  this  test 
are  Illustrated  in  fig.  17. 

8.  APPLICATION  OF  FERRITE  LOADING  TO  THE  DESICH  OF  AH  OMEGA  ANTEHWA  SYSTEi: 

The  results  of  the  investigation  developed  in  the  previous  sections 
have  been  utilized  for  a  preliminary  design  of  a  10.2  kc/s  antenna  system  to  be 
used  in  connecticr  with  the  Omega  Navigation  System.  The  following  design  is 
tentative,  because  several  data  which  have  been  assumed  should  be  submitted  tc 
experimental  verification.  However,  the  design  giv-s  an  overall  idea  of  the 
practical  possibilities  of  ferrite  loadin;^-  in  connection  with  VLF  antennes. 
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selected  for  this  application  has  the  following 

a  •  0.95  cm 
b  =  3*8  cm 
«  -  100 
-  -  10 

-  550  “C 

S  *  10*5 

U.5  g/  cm-^ 

3300  Gauss 

The  electrical  design  of  the  antenna  is  obtained  using  the  equations  derived  in 
section  6,  The  frequency  of  operation  of  10.2  kc/s  corresponds  to  a  wavelength 
=  29i**OOm.  The  ratios  •>/*  •i’®  respectively 

-  7.9  *  10^  and  b/a  -  3.6 

From  the  graph  of  fig.  ^  there  follows  that  the  wavelength  reduction  is 

-  0.27 

l.e.  '  "7,9^  •  1980  m.  The  actual  antenna  height  is  selected  as 

I 

H  -  500  -  152  m 

This  corresponds  to  a  ratio  H/H  .  •=  0.077  .  It  is  of  interest  to  note  that  the 

ITCS 

values  of  similar  ratios  for  the  Forest-Fort  and  for  the  Cutler  antennas  are 
respectively: 


The  ferrite  material 
characteristics: 

Inner  radius 
Outer  radius 
Permeability 
Permittivity 
Curie  Point 
Loss  Factor 
Density 

Saturation  Flux 
Density 
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H 

H 


res 


2§1. 

7500 


0.0^9 


K 

H 


res 


100 

5300 


-  0.057 


Both  are  smaller  then  the  velt-e  selected  In  the  present  design,  although  the 
corresponding  actual  heights  of  the  antennas  are  respectively  12C0'  and  1000*. 

The  radiation  resistance  of  this  antenna  is  expected  to  be  larger 
than  that  uf  a  metal  air  radiator  having  Che  same  height,  in  accordance  with 
eo.  73  one  has: 


R  .  •  0. 11*6  ohm 

rad 

In  order  to  take  into  account  other  possible  factors  which  reduce  the  radiation 
efficiency,  a  value  of  R  -  0.10  ohm  will  be  asciaoed.  The  actual  input  resistance 
will  be  larger  because  it  will  Include  the  loss  co^ionents. 

Folding  nine  times  the  antenna  gives  an  input  impedance 

R,  •  8. 1  ohm 
in 

exclusive  of  losses.  These  will  depend  upon  the  overall  radiation  efficiency;  for 
exasple,  if  the  efficiency  is  of  the  order  of  10^,  the  input  resistance  will  be  of 
the  order  of  80  ohms  and  if  the  efficiency  of  the  order  of  the  input  impedance 
will  be  of  the  order  of  l6  ohm. 

As  far  as  the  radiated  power  is  concerned,  this  will  be  limited  by  the 
maximum  antenna  current  allowable.  Since  the  maximum  saturation  field  is 

“sat  ■  ^580  A/m 

the  corresponding  maxisnmi  value  of  antenna  current  is: 

I  95  A 

max  ^ 
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Assuming  a  safety  factor  of  about  50^,  a  current  of  50A  msy  be  considered  as  a 
practical  maximum  value.  The  corresponding  antenna  radiated  power  is  of  the 
order  of: 


•  8. 1  X  2500  -  20.3  KW 

The  distortion  expected  at  this  power  level  will  be  approximately  of  the  order 
of  Sj,. 

The  relative  bandwidth  of  the  antenna  system  will  depend  upon  tha 

-2 

effective  radiue  of  the  cage  antenra  structure:  a  value  of  1C  or  better  is 
expected. 

An  i^ortant  consideration  is  that  of  the  worsening  of  tne  wave¬ 
length  reduction  which  is  produced  by  the  proximity  effect,  .'ssuming  a  separation 
of  200  m  between  the  axes  of  contiguous  anterioa  elements  the  relative  separation 
is: 


d/X^  •  0.006 

In  accordance  with  the  results  of  fig.  Ih  an  increase  of  the  wavelength  reduction 
ratio  by  20ft  Is  expected,  i.e.  the  ratio  will  be  increased  from  C,27  to  0.32. 

This  will  decrease  the  effective  radiation  resistance  and  the  radiated  power  corres¬ 
pondingly.  For  exaiqjle,  assuming  that  a  rr^diation  resistance  of  a  single  oonopole 
is  0.  lU  ohm,  the  laodiflcd  value  will  be: 

O.l  X  (  0.27/0,32)^  -  0,065  ohm 

and  the  corresponding  radiative  input  resistance  of  the  folded  antenna  will  be 
6.85  ohm.  Finally,  the  radiated  power  for  an  antenna  current  of  50  A  will  be  17 
kw.  Of  course,  the  proximity  affect  may  be  decreased  by  increasing  the  axial 
separation  of  the  radiators;  this  oiay  be  dcie  easily  since  the  overall  area  covered 
by  the  antenna  ic  rather  small. 
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The  cepaclcance  of  the  top  het  Is  a  function  of  i  n^-  ratio 

and  of  the  dinensicna  of  the  radiators.  Its  value  may  be  contuuted  using  the 

(^) 

procedure  of  Schelkunoff'  '  for  cylindrical  antennas  of  radius  height  H,  i.e. 

-  2%/tuC^  -60  -  sin  23h]  + 

I  Z  -  60  (In  26H  -  Ci  aeH  .  -  1  +  cos  aSH)  ■  cot  . 

L 

In  rhe  above  relation  is  the  avsr  -ge  characteristic  iopedanc>'  of  the  antenna, 
is  the  top  capacitance  and  dH  -  The  value  provided  cy  the  above 

relationship  is  approxlioate,  and  in  practice  a  sore  accurate  valu^  lihould  be 
obtained  by  experltaental  verifications.  Froei  the  data  ji  the  Forest  Pcit  and 
the  Cutler  antennas,  whose  relative  heights  are  smaller  chan  the  -alue  assumed 
for  the  present  design,  an  approximate  value  of  cop  capacitance  of  the  ’<ider  of 
0.1  uF  should  be  expected.  The  top  load  capacitance  may  be  realized  by  means  of 
a  horizontal  system  of  wires  or  also  by  means  of  appropriate  guy  wires;  it  has 
been  pointed  out  previously  chat  Che  latter  conductors  have  an  electrical  length 
which  is  smaller  Chan  that  of  Che  ferrite  loaded  antenna,  so  that,  when  said  wires 
are  returned  tc  ground,  a  net  radiative  sxnnenc  is  obtained. 

In  reference  to  the  mechanical  design  of  the  antenna,  two  different 
approaches  have  been  followed.  These  consist  both  of  a  system  of  nine  steel  cowers 
arranged  in  correspondence  of  the  vertices  cf  an  octagon;  in  one  case  the  ferrite 
antennao  are  placed  at  the  half-distance  between  the  cowers  and  in  the  second  case 
they  have  been  placed  next  to  or  within  each  tower. 

The  first  arrangement  is  shown  in  fig.  Id.  In  order  to  provide  antennas 
of  height  500  feet,  the  towers  must  be  660  feet  high.  Each  antenna  weights  7265 
lbs.  calculated  as  follows; 

Ferrite  Mterlal;  66bC  lb. 

Steel  rope  0.39  Ib/ft  195 

Steel  and  copper  sleeves  by 

12d5  lb. 


(3)  S.  A.  Schelkunoff,  ElectromaOTetic  Waves.  D.  VanUostrand  Co.,  19^3,  p.  U6l. 


37. 

CONFIDENTIAL 


CONFIDENTIAL 


The  antenna  is  constructed  with  a  steel  rope  of  diameter  1/2";  the  rope  is 
surrounded  with  copper  sleeves  on  which  the  ferrite  cylinders  are  placed.  The 
cylinders  are  supported  in  groups  by  means  of  suitable  b-.:shi'-gs  which  are  pressed 
against  the  rope  by  a  aagnet< ctriction  process.  This  is  realized  simply  by 
placing  the  rope  and  bushing  within  a  coll  through  which  a  large  surge  of  current 
is  passed. 

The  selected  rope  is  6  x  37  special  flexible  hoisting  type  (monitor 
steel}  having  a  breaking  strength  of  20,400  lbs.  Therefore  the  safety  factor  is 

20.400  -  2.8 

7235 

The  horizontal  support  is  provided  by  another  steel  rope  of  diameter  5/^"  having 
a  breaking  strength  of  31>600  lbs.  Siiq>le  pulley  systems  nave  been  provided  for  the 
hoisting  and  support  of  the  radiators. 

The  steel  towers  are  base  insulated  and  are  supported  by  means  of 
suitable  guy  wires.  Structures  suitable  for  this  application  are  available  on 
t le  market  for  the  desired  dimensions  and  load  specifications. 

The  second  type  of  design  assumes  that  each  ferrite  antenna  is 
supported  by  one  tower.  In  this  case  the  towers  will  be  only  50C  feet  high  and 
will  be  arranged  as  shown  in  fig.  19.  The  proximity  of  the  insulated  towers  to  the 
ferrite  antenna  may  provide  an  Interacting  effect,  but  such  effect  may  actually 
be  equivalent  to  an  increase  of  the  top  load  capacitance.  An  experimental  veri* 
fication  of  the  proximity  effect  in  this  case  would  be  desirable. 

Typical  cos.s  of  the  towers  and  of  the  ferrite  r-eterial  for  the 
antenna  system  described  are  as  follows: 

660'  heavy  structure  tower:  steel  $17, 50C 

erection  work  5,500 

base  insulator  500 

$23,500 
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660'  light  structure  tower  : 

steel 

$12,500 

erection  work 

5,500 

base  Insulator 

500 

$157500 


500'  heavy  structure  tower: 

steel 

$  13,000 

erection  work 

5,500 

base  insulator 

_ Soo 

$  19,000 

5CO'  light  itrocture  tower: 

sre  -i 

$ 

9,000 

erection  work 

5,500 

base  Insulator 

500 

$ 

15,000 

The  cost  of  the  ferrite  aaterial  is  epproxiaately  $21,000  for  a  500'  radiator 
and  Is  expected  to  be  lower  percentage*wlse  for  larger  quantities  of  ferrites. 
Assuming  that  the  cost  of  the  ferrites  remains  unchanged,  the  total  ferrite 
cost  for  nine  radiators  would  be  of  the  order  of  190,000  do.lars.  The  cost 
of  the  ferrite  material  is  of  about  the  same  order  of  magnitude  as  that  of  the 
steel  towers.  The  above  costs  do  not  include  consideration  of  the  insulators, 
instsl Istion,  connectors,  proxmd  plane  or  top  hat. 

9.  CCWCLUDIHG  REMARKS 

In  this  report  the  problem  of  the  design  of  ferrite  loaded  antennas 
has  been  considered,  in  the  past  contradictory  results  have  been  published  about 
the  usefulness  and  feasibility  of  this  type  of  design.  The  principal  difficulty 
has  been  the  absence  of  a  practical  generalized  theory  which  might  provide  the 
possibility  of  design  by  modeling.  Host  results  have  been  obtained  either  experi¬ 
mentally  on  specific  radiators  or  theoretically  on  radiators  embedded  in  spheres 
or  other  itq>r  act  leal  geoMtries. 

in  this  report  a  general  theoretical  analysis  sf  cylindrical  ferrite 
loaded  entennas  has  been  developed.  The  results  ot  the  analysis  have  been  verified 
experimentally  with  numerous  models  in  the  KF  range. 
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On  the  basis  of  these  results  it  is  now  possible  to  predict  ctK 
wavelength  reduction  realizable  with  a  given  geoaetry  and  with  a  given  ferrite  type; 
the  data  required  for  the  design  are  the  ratios  b/a  (outer  raclus  to  inner  radius  of 
the  ferrite),  and  X^/b  ,  as  well  as  the  values  of  and  £  of  the  ferrite  saterial. 
Graphs  have  been  prepared  for  cases  of  practical  interest. 

The  analysis  has  been  applied  to  the  design  of  a  VLF  antenna  for  a 
frequency  of  10.2  kc/s.  This  type  of  design  illustrates  well  the  possibilities  r-f 
the  theory.  One  isportant  advantage  is  that  cxperlsental  results  obtained  at 
higher  frequencies  can  be  interprete*-!  and  epplied  to  c!.e  design  of  VLr  structures. 
The  resulting  design  is,  of  course,  tentative  and  should  be  considered  as  tie 
center  design  of  a  aore  cocplete  first  realization,  which  would  be  ieproved  with 
suitable  experlsxntal  verifications. 
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TABU  I 


siaattBY  OF  PRCganES  or  rgutrtE  tcboids  ked 


Typ*  A 

T»«  B 

I2£*_c 

0 

^•r 

100 

100 

IOC 

iOO 

Lots  Factor  • 

1 

^'0*^ 

10 

10 

10 

10 

at  1  Me. 

.oooos 

.oooc» 

.ocxxr2 

.G00C2 

at  10  Me. 

.00016 

.00016 

.00016 

.00016 

Sat.  Flux  Deasity 
®aax 

3300 

3yxi 

3300 

3^ 

Cttrie  Point  *C 

350 

350 

350 

350 

Inner  Radius  "a" 

(c*) 

0.95 

1.75 

0.216 

0. 3lv 

Outer  “sdius 
(cs) 

1.59 

2.38 

1.27 

7.62 

ku 
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TABU  II 

aSSOBAgT  mULITT  MOBOimES 


Beichc 

(ft.) 

Ferrit* 

Type 

Kesoa. 

Fraq. 

(») 

«Ao 

(0^) 

£ff. 

{*) 

rif 

(Ke) 

s 

A 

25.9 

0.05 

50 

10 

A 

U.l 

0.06 

1£ 

<- 

rt 

U 

A 

7-3* 

0.06 

12 

47 

16 

A 

3.72 

0.06 

12 

37 

100 

ko 

A 

1.^ 

0.075 

— 

— 

— 

k 

C 

8.50 

0.034 

4,6 

— 

h 

A  It  B 

11.4 

0.046 

IS 

17 
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TA3L£  111 


CC^TASISOS  0?  E3GEai*€STAL  ASS  TSSOSSTl^AL  )^/X  VAUSS 

- —  ■  —  Q  -  — 


Freq. 


(Ejcp.  i  I'Tbeor.  ) 


Q 

11-6 

0.26 

1 

21.2 

135c 

0, 2^ 

0.21 

o 

70 

«.C 

2^ 

0.?^ 

0-25 

*.3 

70.0 

4»^00 

C.260 

- 

Si. 

3*c 

300 

6yrj 

0.29t 

C.5C 

32 

2.3 

IP 

6170 

C.  iC» 

- 

1.9 

15? 

9900 

0.  jOC 

0. 35 
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TABLE  IV 


FOLPED  FKRKITE  MONOPOLES 


A;; _ 

Foldins  Inside 

Ferrite 

H 

iiil 

Ferrite 

Type 

Preq. 

(Me) 

h/x 

'  0 

Eff. 

i> 

16' 

A 

U.29 

.066 

50 

55 

Bi _ 

F^vldinx  Outside 

Ferrite 

H 

(ft) 

Ferrite 

Type 

Freq. 

(He) 

H/X  ^ 

z 

in 

(A  ) 

Eff. 

h 

BW 

(Kc', 

d 

iiii 

6 

A 

7.3»» 

.059 

50 

63 

300 

0.5 

16 

A 

It.  69 

.075 

50 

65 

300 

0.5 

i* 

C 

8.5 

.03** 

50 

10 

.. 

0.5 

d  -  separation  between  elements 
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TABLE  V 

MULTIPLY  COHMECTED  AMTENKAS 


In-Line  Arrangement  of  Elements  Uting  Type  C  Ferrite 


N  uaber  of 

d 

H 

Preq. 

2ln 

(Ohma) 

Eff. 

elancnta  n 

ilal 

Liil 

(Me) 

iiL 

ot.e  element 

1 

> 

k 

8.5 

■28 

**.9 

one  driven 
one  folded 

2 

6 

k 

8.5 

50 

11.0 

one  driven 
two  folded 

3 

6 

k 

8.5 

'90 

15 

one  driven 
three  folded 

U 

6 

k 

8.5 

''  200 

17 

two  driven 
two  folded 

k 

6 

k 

8.5 

50 

17 

four  In  parallel 

k 

6 

k 

8.5 

12 

22 
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TABI^  VI 

PARALLEL  CONNECTED  AriTENWAS 

In-Line  ArrAngemcnt  of  Elemcnta  Using  Type  A  Ferrite 


n 

>l 

iiiL 

Freq. 

\  . . 

Eff. 

Li! 

flL 

1 

8 

To** 

12 

51 

3.25 

2 

8 

7.3** 

9 

7** 

3.'*5 

3 

8 

7.  S'* 

5 

>"7 

4.4 

I* 

8 

7.3'* 

A 

78 

5.4 
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TABLE  VII 


hULTlPLY  FOLDED  AMTEMNAS 


In-Line  ArrAngeaenc 

of  Eleoents 

Using  Type  A 

Ferrite 

H 

Freq. 

Zin 

Eff, 

.'•W 

(ft.) 

(Me) 

C. 

■i' 

8 

7.34 

'■12 

51 

3.25 

8 

7.34 

-50 

7^ 

4.15 

3 

7.34 

~90 

66 

5.5 

47. 
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TABLE  VIII 


PROXIMITY  Ef^ECTS  OP  TWO  AMTENNAS 


Two  U  ft.  Monopolea  U«lng  Type  A  Ferrite 


Fren. 

S<:pcretion 

(--) 

££f. 

BU 

(Me) 

(ft) 

ll*.  1 

'  12 

21 

6.1 

Antenna 

A 

alone 

li*.  1 

— 

12 

24 

6.7 

Antenna 

B 

alone 

15.1 

1 

4.5 

24 

7.3 

Antenna 

A 

&  B 

1»*.6 

2 

4.5 

25 

7.2 

Antenna 

A 

&  B 

14.2 

3 

4.5 

34 

7.4 

Antenna 

A 

&  B 

14. 1 

4 

4.5 

34 

7.45 

Antenna 

A 

&  B 

14.0 

5 

4.5 

30 

7.5 

Antenna 

A 

&  B 

14.0 

6 

4.5 

35 

7.5 

Antenna 

A 

&  B 
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TABLE IX 


PROXIMITY  EFFECTS  OF  THREE  ANTENNAS 


Three  U  ft.  Monopoly*  Uelng  Type  A  Ferrl t e 


Each  Antenna  Alone  Reeoneted  at  lit.C  Me. 


IN-LINE  ARRA' 


TRIANGULAR  ARRAY 


Separation 

(ft) 


Resonant  Freq. 
(Me) 


Resonant  Freq. 
(Me) 
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TABLE  X 

HARHOHIC  mSTORTIOW  IM  FSUtlTE  AMTENKA 


HArmouics  MeAaured  in  db  B«low  Fundamental 
Type  C  Ferrite  Used 

£  •  600  Cpe. 

o 


I 

(A^S) 

3*0 

(-db) 

5*0 

(-db) 

i*.o 

«« 

21.0 

5.0 

37 

19.5 

6.0 

2U.3 

19.5 

7.0 

20.5 

19.0 

8.0 

16.0 

16.5 

9.0 

l>*.3 

17.0 

10.0 

^*.5 

19.0 

12.5 

12.5 

17.5 

7*0 

(-db) 

9*0 

(-db) 

Ilf 

0 

(-db) 

28.0 

-- 

— 

23.0 

27.0 

32.0 

23.0 

24.0 

30.0 

23.0 

24.0 

29.0 

23.5 

24.0 

27.0 

25.0 

25.C 

30.0 

27.5 

27.5 

30.5 

26.0 

27.0 

32.5 

50. 
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Third  Haraonlc 
Co^>en«ation 


Fifth  HatBonic 
Coa^ensacion 


TABLE  XI 


HARMONIC 

COMFENSATlCm 

Haraunlc  Reduced 

by  at  Least  )0  db 

Antenna 

Current 

(Ampn) 

Fun-fsTsencal 

Voltage 

Hartaonic 

Voltage 

6.0 

20 

0.9 

7.0 

20 

1.6 

8.0 

20 

2.2 

9.0 

20 

2.7 

10. 0 

20 

3.0 

12.5 

20 

3.5 

6.0 

22 

1.85 

7.0 

22 

1.85 

8.0 

22 

1.85 

9.0 

22 

1.90 

10.0 

22 

1.90 

12.5 

22 

1.95 

51. 
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Injec: 


^*.5 

8.0 

11.0 

13.5 

15.0 

1.’.5 

8.4 

S.i. 

3.1* 

8.6 

S.6 

5.9 


fiG’JRt  2 


P10T5  OF  EQUATIONS  71  AKO 
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FIOJRE  fc  FOLDED  »^NOPOLE 


55- 
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FIGURE  5.  CAGE  ANIENN* 
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COtVAKISON  OF  CXFCRINENTAl.  AND  '•'HEOXETICAL  VALUES  OF 
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FIGURE  9.  FERRITE  MONOPOLES 


AX2352369 
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FIGURE  10.  MULTIPLY  CONNECTED  ANTENNAb 


tFF. 
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FIGURE  12.  MULTIPLY  FOLDED  ANTENNAS 
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FIGUne  !3.  PROXIMITY  EFFECT  OF  TWO  ANTENNAS 


EftCH  FERRITE  MONOPOLE 
SEl.  "-RESONANT  AT  IL.l 

HEIGHT  4  FT 

FERRITE  TYPE  C 
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ANTENNA  CURRENT  (AMP) 
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FIGURE  1&.  HARMONIC  DISTORTION  IN  FERRITE  ANTENNA 


MAWtOWIC  V0LTA6E  AOMD  TO  KIPUCE 
MAliWUC  COHI>OWEWT  IM  CMHHIMT  !iy  30  Dt 
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